| INTRODUC TI ON
In vitro culture of ovarian preantral follicles has been developed to mimic the in vivo environment, decreasing the effects of follicular atresia and promoting follicle growth (Araújo, Gastal, Figueiredo, & Gastal, 2014; Domingues et al., 2003) . One of the major challenges in the culture system has been the oxidative stress induced by the increased levels of reactive oxygen species (ROS) and its adverse effects (Merlo et al., 2016) . To minimize in vitro oxidative stress, some antioxidants, such as ascorbic acid (Rossetto et al., 2009; Silva et al., 2011) and rutin (Lins et al., 2017) , can be added to the culture media.
As most of these antioxidants are expensive commercially purified products, the use of natural substances with antioxidant properties, such as propolis, can be a promising alternative. The red propolis has a large amount of phenols and flavonoids, and its extract has well-reported biological activities, such as anticancer (Mendonça et al., 2015) , anti-inflammatory (Bueno- Silva et al., 2013) , burn healing (de Almeida et al., 2013) , antioxidant and phyto-oestrogen effects (Daugsch, Moraes, Fort, & Park, 2008; Song, Jin, Jung, & Park, 2002 ).
An innovative way of improving drug solubility and chemical stability, and reducing its toxicity on the in vitro culture is the use of polymeric carrier nanoparticles for substance transportation. Some studies have reported that such nanoparticles containing the antioxidant compounds tretinoin (Lucas et al., 2015) or melatonin Remião et al., 2016) improved bovine embryo quality after in vitro culture. Among synthetic polymers used in the production of nanoparticles, polylactic-co-glycolic acid (PLGA) stands out due to its excellent biocompatibility, low toxicity and high capacity to encapsulate drugs (Essa, Rabanel, & Hildgen, 2010) . However, there are no reports on the effect of nanoparticles containing hydroethanolic extract of red propolis (HERP) on the in vitro development of ovine ovarian follicles. Thus, the current research aims to characterize the HERP and the PLGA nanoparticles containing HERP and verify their effects as a supplement of the in vitro culture medium of isolated ovine secondary follicles.
| MATERIAL S AND ME THODS

| Hydroalcoholic extract of red propolis (HERP)
Samples of red propolis were collected in Alagoas, Brazil, and stored at −20°C for later use. The extraction was performed using red propolis samples (1 g) and 70% ethanol (11.5 ml) at room temperature for 1 hr in an ultrasound bath. After extraction, the mixture was filtered, and the solvent was evaporated to produce the HERP. The obtained powdered extract was stored protected from the light under refrigeration at 4°C (Silva et al., 2015) .
| High-performance liquid chromatography (HPLC)
The HERP was dissolved in methanol (high-performance liquid chromatography [HPLC] grade; Merck, Darmstadt, Germany) (0.2 mg/ ml) and filtered with a 0.45-mm filter (Millipore-HVHP, Milford, MA, USA). A 20 ml aliquot of HERP was injected into the HPLC system with a solvent flow rate of 1 ml/min. The column (C-18, column size, 4.6 × 250 mm; particle size, 5 mm) was eluted with a linear gradient of acetic acid: water 1% v/v (A) and methanol (B). The elution started with 40% B (10 min), followed by 50%-60% B (to 20 min) and 65%-70% B (to 35 min), and finishing with 70%-80% B (to 45 min).
The chromatograms were recorded at 280 nm, and formononetin, daidzein and biochanin A authentic standards were used as biomarkers (Sigma Co., St. Louis, MO) (Alencar et al., 2007; López, Schmidt, Eberlin, & Sawaya, 2014) .
| Determination of the flavonoid content
Dilutions in the final concentrations of 1:10; 1:100; 1:1,000; 1:10,000 were prepared from the stock solution (1 mg/ml). Aliquots of 1 ml of each dilution were mixed with 0.2 ml of potassium acetate.
After 5 min, 25°C, 0.5 ml of 10% aluminium nitrate was added, and the volume was filled with 3.7 ml of distilled water, in a final volume of 4.2 ml. The absorbance was recorded at 440 nm. The total flavonoid content was calculated through a rutin calibration curve (200-1,000 mg/L; r = 0.9962) and expressed as mg equivalent rutin/L extract (Chang, Yang, Wen, & Chern, 2002) .
| Polymeric nanoparticles
PLGA nanoparticles containing HERP were synthesized by emulsification solvent evaporation method (Tada et al., 2010) 
| Mean particle diameter and polydispersity index (PI)
The analysis was performed by dynamic light scattering (DLSDelta TM Nano C Particle Analyzer, Beckman Coulter, Brea, CA, EUA).
Nanoparticles were resuspended in ultrapure water (10 mg/ml) and then for 10 min in a ultrasonic equipment inside 1 cm cubes throughout a spreading angle trajectory under 165º into a 1.3328 index refraction along a continuous sweeping for 70 times.
| Encapsulation efficiency (EE) of herp in nanoparticles
The nanoparticles were diluted in ethyl alcohol p.a followed by shaking, incubated for 72 hr at room temperature with periodic shaking. The dispersions were filtered using 0.22-μm membranes to remove PLGA and PVA. The compounds were quantified by spectrophotometry at 250 ηm (daidzein), 270 ηm (biochanin-A) and 280 ηm (formononetin). This procedure verified the concentration of the HERP that was not incorporated into nanoparticles.
The EE (%) of the HERP in nanoparticles was obtained using the supernatant of all tested nanoparticles, and calculated using the equation:
where HERP initial is the concentration of the HERP initially added to the formulation, and HERP free is the concentration of the extract not incorporated into nanoparticles.
| In vitro culture of isolated preantral follicles
Unless indicated, all chemicals used in this step of the study were purchased from Sigma Chemical Co. (St. Louis, MO). Since slaughter animals were used, the approval of the ethics committee was not necessary.
Ovaries (n = 100) were collected from 50 adult (1-3 years old)
mixed-breed sheep. Immediately post-mortem, the pairs of ovaries were washed once in 70% alcohol and then twice in minimum essential medium buffered with HEPES and supplemented with antibiotics (100 μg/mL penicillin and 100 μg/mL streptomycin) (MEM-HEPES).
The ovaries were transported within 1 hr to the laboratory in tubes containing MEM-HEPES at 4°C (Chaves et al., 2008) .
Isolation, selection, culture and follicular evaluation were performed according to Lins et al. (2017) . The ovarian cortical slices and mechanically isolated by microdissection using 26 G needles.
These follicles were transferred to 100 μL droplets containing base culture medium for the evaluation of quality considering: intact basement membrane, two or more layers of granulosa cells and a visible and healthy oocyte that was round and centrally located within the follicle, without any dark cytoplasm.
After selection, the follicles were pooled and then randomly di- ) consisted of α-MEM (pH 7.2-7.4) supplemented with 3.0 mg/ ml BSA, 10 ng/ml insulin, 2 mM glutamine, 2 mM hypoxanthine, 5.5 μg/mL transferrin and 5.0 ng/ml selenium. The α-MEM + was supplemented with 10 or 20 ηg/mL HERP (HERP10 and HERP20, respectively) (Sun et al., 2016) or with a solution containing nanoparticles with 10 or 20 ηg/mL HERP (NP10 and NP20, respectively).
All follicles were cultured at 39°C under 5% CO 2 for up to 12 days.
Every 2 days, 60 μL of the culture media was replaced with fresh media in each droplet.
The morphological aspects of all follicles were assessed every 6 days using a pre-calibrated ocular micrometer in a stereomicroscope (100× magnifications). The follicles with an intact basement membrane, bright and homogeneous granulosa cells and absence of morphological signs of atresia were classified as morphologically normal and had the following characteristics analysed: (a) antral cavity formation, defined as the emergence of a visible translucent cavity within the granulosa cell layers, (b) the diameter of healthy follicles, measured from the basement membrane, which included two perpendicular measures of each follicle, and (c) the daily growth rate, calculated as the diameter variation during the culture period.
After culture, all healthy follicles were carefully and mechanically opened with 26 G needles under a stereomicroscope for oocyte recovery. The percentage of fully grown oocytes was calculated as the number of acceptable quality oocytes (≥110 μm) recovered out of the total number of cultured follicles.
Moreover, the oocytes were recovered and intracellular reduced glutathione (GSH), ROS levels and mitochondrial activity were measured as previously described (Lins et al., 2017) . 
| Statistical analysis
Data from follicle survival, extruded follicles, antrum formation and rates of fully grown oocytes after in vitro culture were expressed as percentages and compared by the chi-squared test. Data from follicular diameter, growth rate, mitochondrial activity, GSH and ROS were submitted to the D'Agostino test to verify normal distribution of residues and homogeneity of variances. Then, KruskalWallis nonparametric test was used for comparisons. When main effects or interactions were significant, means were compared by the Student-Newman-Keuls test. The results were expressed as the means ±standard error mean (SEM), and differences were considered significant when p < 0.05.
| RE SULTS
| Hydroalcoholic extract of red propolis (HERP)
The content 
| Polymeric nanoparticles
The mean diameter values were 287.5 ± 3.9 and 479 ± 18.1 ηm, and the PI was 0.117 ± 0.018 and 0.316 ± 0.039, respectively, for the NP10 and NP20 groups. Regarding the EE, the values were 67.15%
and 41% for NP10 and NP20, respectively. From these values, the estimated encapsulated HERP content was approximately 6.7 ηg for NP10 and 4.1 ηg for NP20.
| In vitro culture of isolated preantral follicles
After 12 days of culture, morphologically normal preantral follicles showed centrally located oocytes and normal granulosa cells, which were enclosed by an intact basement membrane (Figure 2A ,B). A small antral cavity ( Figure 2C ), early extruded ( Figure 2D ) and atretic 
| D ISCUSS I ON
This study shows for the first time that the pure extract of red propolis (HERP20) increased antrum formation, metabolically active mitochondria and GSH levels after in vitro culture of secondary follicles, compared to the control medium. Using the HPLC, the flavonoid found in the highest amount in the HERP was formononetin, which has important antioxidant and antitumor activities in human laryngeal epidermoid carcinoma cell, cervical adenocarcinoma and normal epithelial embryonic kidney (Frozza et al., 2013) . Furthermore, formononetin showed neuroprotective effects in rats (Liang, Ye, Wang, Zhang, & Li, 2014) . Additionally, all flavonoids found in the HERP may have phyto-oestrogenic activity due to their chemical similarity with the oestradiol molecule (Setchell, 2001) . Oestradiol influenced the antrum formation in porcine preantral follicles (Tasaki, Iwata, Sato, Monji, & Kuwayama, 2013) and the maintenance of goat follicular integrity (Pessoa et al., 2014) . Moreover, the levels of total flavonoids of red propolis were similar or even better than previous studies from Alagoas (Brazil) ranging from 5.92% (Batista et al., 2012) to 3.29% (Righi et al., 2011) . Therefore, our results can suggest that the natural antioxidants present in the HERP may act isolated or in association to minimize the effects of oxidative stress (through increasing GSH levels), and consequently, maintaining the mitochondrial membrane potential of oocytes (high levels of metabolically active mitochondria) and promoting the development (antrum formation) of ovine secondary follicles cultured in vitro (HERP20 group).
Antioxidant compounds have been used to minimize oxidative stress and to promote growth after in vitro culture of ovarian follicles (Lins et al., 2017; Silva et al., 2011) , including medicinal plant extracts Gouveia et al., 2016) . However, in this study, no significant results were found in the ROS formation.
ROS levels may usually be related to the GSH levels, which have an important task into biological processes including DNA and protein synthesis, cellular protection against oxidative stress and cell proliferation throughout embryonic events (García-Giménez et al., 2013; Timme-Laragy et al., 2013 ). In the current research, the ROS and GSH levels were not correlated probably due to another pathway through different antioxidants enzymes such as Cu-Zn and Mn-superoxide dismutase (CuZnSOD and MnSOD) (Ciani, Cocchia, d'Angelo, & Tafuri, 2015; Klisic, Kotur-Stevuljevic, Kavaric, Martinovic, & Matic, 2016) .
Studies have shown that nanoparticles enable the encapsulation of different substances, improving their circulation and distribution in the tissues (Abed & Couvreur, 2014) . The reduced size of the nanoparticles allows a better transposition of the biological barriers (Svenson & Tomalia, 2012) . Nevertheless, incorporation of drugs into nanoparticles with a larger size (> 500 ηm) could increase their permanence in certain types of tissues (Tada et al., 2010) and then increase their time of action. The lipidic nanoparticles containing tretinoin (average size of 250 ηm) (Lucas et al., 2015) and the polymeric nanoparticles containing melatonin (average size of 197 and 171 ηm) were successfully used on the in vitro maturation of bovine oocytes. Although the size of the nanoparticles obtained in this study was considered large, the NP20 treatment had more metabolically active mitochondria (an indicative of mitochondrial function (Brand & Nicholls, 2011) ) than the control group (MEM), which was probably due to the relation between larger size and longer time of action.
The use of nanoparticles containing HERP did not influence most of the evaluated parameters (follicular survival, antrum formation and oocyte growth). Our findings suggest that the PI, the EE and the preparation method could influence the extract release and distribution in the culture medium. The PI and the EE obtained probably led to low levels of HERP in the culture medium, especially for the lowest concentration used (NP10). PI is a measure of the range of particles size; values lower than 0.1 indicate a homogeneous and monodisperse system, and values higher than 0.1 indicate an increasingly polydisperse and heterogeneous system (Silva, Hill, Figueiredo, & Gomes, 2014) . Conventional techniques for encapsulating active substances into polymeric nanoparticles, such as in the current study, frequently suffer from low encapsulation efficiency (Danhier et al., 2012) . A common strategy to increase the EE is to complex the drug with ionic excipients, such as polyamines, in order to enhance the affinity between the drug and the particle matrix (Danhier et al., 2012; Klose, Siepmann, Elkhamz, & Siepmann, 2008) ; however, such excipients are often associated with toxicity.
In summary, the use of HERP20 on the in vitro culture of isolated ovine preantral follicles can improve follicular development (antrum formation) and mitochondrial membrane potential of oocytes, reducing oxidative stress throughout the increase in the GSH levels. These results might provide new strategies for the study of follicular development in vitro. However, further researches are important to understand the cell internalization mechanisms of the polymeric nanoparticles and how the HERP can act on the preantral follicle during in vitro culture, as well as further studies on the maturation and fertilization competence of the oocytes in the cultured follicles.
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